METHODS
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The SAGIS modelling framework integrates data from multiple sources (Comber et 
200
Samples include coastal or estuarine waters, rivers, lakes, ponds, canals or groundwaters.
201
They are taken for a number of purposes including compliance assessment against 202 discharge permits, investigation of pollution incidents or environmental monitoring. The
203
archive provides data on measurements and samples dating from 2000 to present day.
205
Additional sources to lakes 206
Data sources 207
Additional data was gathered to support the development of the SAGIS Lakes tool ( 
214
The key elements of the existing databases used within the model are listed and described
215
elsewhere (Comber et al., 2013) . Table S6 provides details of updated structure for lakes 216 and reservoirs.
218
Angling ground bait (nutrients) inputs to lakes 219
A detailed description of the methodology is provided in S1 of the ESI.
220
To derive an export load for the SAGIS model, the following data was obtained from (Table S7 ).
232
Other factors that might be important such as the distance of the lake from urban areas and 233 level of active management of the fishery, e.g. fish stocking, are not taken into account but 234 the model user interface allows the user to specify numbers of anglers based on local 235 knowledge.
236
Bird nutrient excretion (nutrients) 237
A detailed description of the methodology is provided in S2 of the ESI.
238
Briefly, to estimate loads from this source, the following data was sought from scientific 
246
 Nutrient inputs estimated from Netherlands data which takes account of food intake,
247
foraging behaviour and digestive performance of water birds (Table S8) 
249
 Total bird populations (Table S9 ) and seasonal distribution (Table S10) 
254
Allocation of chemical loads to lakes 255
Processing tools within SAGIS have been developed to allocate chemical loads from the 256 existing and new sectors to each lake are described below.
257
Inputs from rivers
258
Where rivers feed directly into lakes and reservoirs, monthly model output from SIMCAT at 259 defined input locations are used to derive riverine loads to these water bodies (Comber et 
272
proportion of these water body loads is allocated to a lake on a pro rata basis in relation to 273 the length of river within the lake area compared to the length of river within the water body 274 as a whole as defined by input and output nodes as shown in Figure S2 . Any lake inputs 275 such as sewage works in these reaches are excluded from the water quality simulation in
276
SIMCAT to avoid double counting.
277
Lakes which are 'offline' and not connected to rivers, are identified so and a local catchment 278 area for them defined. Diffuse inputs are then calculated pro rata based on the proportion of 279 the overall area of the water body that forms the local lake catchment whilst point sources within the area are allocated to the lake
Groundwater inputs 283
In the absence of a national database to provide groundwater inputs, the model allows the 284 user to specify estimated inputs of groundwater to lakes and associated water quality where 285 considered significant.
286
SAGIS and SIMCAT model updates 287
Greater detail on the lake quality modelling is provided in S3 of the ESI. Briefly, Visual Basic 288 for Applications (VBA) was used to model concentrations in lakes, using input data for 
356
The SIMCAT simulation effectively ends at the inflow boundary and resumes at the outflow 357 after collecting output from the lake model.
358
Model validation 359
To validate the model, SAGIS-Lake output was compared with observed water quality data Phosphorus, nitrate, benzo-ghi-perylene and copper. In the results below we show outputs
RESULTS
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In general the lake model performed well with regard to comparison between model output 
378
Annual and monthly input loads to each lake and reservoir from all sectors and source types,
379
i.e. river, direct, local and pumped, are compiled in tables in the regional databases.
380
Mapping tools have been developed in SAGIS to present source apportionment plots for 381 these inputs in the form of pie and stacked bar charts (e.g. Figure 2 .) as well as being able to
382
show the relative contribution of each upstream sewage works to the total phosphorus loads 383 (e.g. Figure S5 for Rutland Water). This is based on the functionality in SIMCAT to 'track' the 
437
The seasonal trends in the lakes are related to the changes in input concentrations, input 
459
Performance of the river model for copper was generally good but background geology 460 inputs for copper were derived from relatively sparse FOREGS data (Comber et al., 2013) 461 potentially impacting on model accuracy for static water bodies. Furthermore, it should also 462 be noted that Rutland's catchment is large, most of the county of Northamptonshire, and so 463 a factor of two difference between predicted and observed copper data may be considered 464 acceptable based on a lack of calibration, uncertainty about transport and limited datasets.
465
Observed data for benzo(ghi)perylene were absent, which means it is not possible to 
495
It is anticipated the SAGIS Lake model will be used in the following ways:
496
• Water quality planning for lakes -The lakes tools provide the first national 497 modelling platform for water quality in lakes linked to a national river planning tool.
498
This will now allow the extension of river basin planning to include lakes. Where non-
499
compliance with water quality objectives are observed within lentic water bodies, it is 500 now possible to identify the main sources contributing to this exceedance.
501
• Improve river quality simulations -By taking into account the influence of lakes on 502 river quality and flow by modifying flow and providing natural purification of 503 chemicals.
504
• Reporting -SAGIS provides a range of visualisation options for chemical inputs and
505
predicted within-stream and lake concentrations which could be readily used for
506
reporting of pressure characterisation and compliance.
507
• Testing of measures -SAGIS provides a means to assess the efficacy of 508 remediation options related to each source and sector.
• Catchment management stakeholder engagement - than SAGIS or SAGIS output may be used to provide improved inputs to complex models.
526
In considering output from the tool, it is important to understand uncertainty in the input data
527
and representation of processes that will inevitably result in errors in the model output and 528 differentiate this from systematic errors that may result from calculation or assumption based 529 errors that can be corrected. Effects of uncertainty in the input data on the outputs are likely 530 to be more evident at the local scale because the sample size of the data will be smaller.
531
SAGIS in its current form provides outputs based on national data sets and for subsequent 532 enhancement it will be important to identify key areas that would benefit from improvement in 533 the underlying data and model refinement at the local scale.
534
Although uncertainty between observed and predicted concentrations can be generated for 535 individual lakes, owing to the variation in sources of the uncertainty it is not possible to
536
provide quantify them as a whole. Consequently key sources of uncertainty related to input 537 data, process representation and potential improvements are discussed below in Table 3 Table 3 .
Source of uncertainty in the model
544
Uncertainty Source
Description of uncertainty Likely impact on model outputs and ways to reduce uncertainty
Direct Data Inputs
Groundwater Groundwater flows and water quality are provided as user defined inputs. Information is rarely available to quantify groundwater inputs so a default of no inputs is applied for most lakes.
Groundwater inputs are likely to be underestimated (more significant in lowland than upland areas).
Pumped inflows and outflows to lakes
Pumped flows are based on the abstraction data in SIMCAT and information in the Water Resources GIS on the abstraction locations that operate as intakes to reservoirs. This information is incomplete and some lake abstractions will not be included in the SIMCAT databases e.g. if lakes are not located on the river polyline.
Review of abstraction data for lakes and input of better local data required where likely to be significant.
Inputs to SIMCAT
Lake modelling
The lake model used in SAGIS-Lakes is a simple zero dimensional tank model with no horizontal or vertical spatial differentiation. Uneven mixing between different areas of a lake or vertical stratification are, therefore, not taken into account so performance is likely to be worse in lake where these processes are important.
History of lake loading
Within lake concentrations are a reflection of historical loading of chemicals, e.g. phosphorus, whereas the SAGIS model only accounts for current loading.
Assess history of loading when interpreting outputs
Inputs from other models
Wildfowl
National wildfowl numbers and distributed across the lakes based on the perimeter length. Lakes will however vary and local data is required if wildfowl is likely to contribute significantly to input loads.
Inputs will tend to be overestimated in lakes with small bird populations and underestimated if bird populations are large.
Anglers
National angler numbers and distributed across the lakes based on the perimeter length. Again, local data is required if angling is likely to contribute significantly to input loads, which is most likely to be the case in small lakes.
Inputs will tend to be overestimated in smaller, heavily fish stocked lakes.
545
Such a large spatial model such as SAGIS clearly requires national datasets with the 546 aim of providing a consistent approach to national and regional water quality
547
planning. This is obviously at the expense of localised sources which may impact on water quality, e.g. the timing of pumping to reservoirs. 
5.
